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ABSTRACT
UvrD is a superfamily I DNA helicase with well
documented roles in excision repair and methyl-
directed mismatch repair (MMR) in addition to
poorly understood roles in replication and recomb-
ination. The MutL protein is a homodimeric DNA-
stimulated ATPase that plays a central role in MMR
in Escherichia coli. This protein has been charac-
terized as the master regulator of mismatch repair
since it interacts with and modulates the activity of
several other proteins involved in the mismatch
repair pathway including MutS, MutH and UvrD.
Here we present a brief summary of recent studies
directed toward arriving at a better understanding of
the interaction between MutL and UvrD, and the
impact of this interaction on the activity of UvrD and
its role in mismatch repair.
INTRODUCTION
Methyl-directed mismatch repair (MMR) is the primary path-
way for correcting replication errors and errant recombination
events in Escherichia coli (1–8) making a functional MMR
pathway essential for ensuring the informational integrity of
the chromosome, genomic stability and an acceptable cellular
mutation rate. Functionally homologous repair systems, dir-
ected towards the repair of base pair mismatches as well as
small insertions and deletions, also exist in eukaryotic organ-
isms [for reviews see (4,5,8,9)]. Importantly, homologues of
the bacterial MutS and MutL proteins have been identiﬁed in
every cellular organism studied to date, including yeast and
humans, suggesting that the basic strategy used to repair
base pair mismatches and insertion/deletion loops is highly
conserved. Although the in vivo signal for strand discrimina-
tion and the mechanism of damage-containing strand excision
are uncertain in eukaryotes, mismatch recognition and repair
involving the MutS and MutL homologues appears to be very
similar to the bacterial system. The fundamental importance
of a functional mismatch repair pathway is underscored by
the fact that, in humans, defects in mismatch repair result
in genomic instability that can lead to certain types of cancer,
especially hereditary colon cancer (10–15).
The primary components of the bacterial MMR pathway
have been uncovered in a series of elegant biochemical and
genetic studies, and include the mutator proteins (MutL,
MutS, MutH and UvrD/MutU), several exonucleases, includ-
ing ExoI, ExoVII, RecJ and ExoX, DNA polymerase III,
single-stranded DNA (ssDNA) binding protein, DNA ligase
and the Dam methylase (16–23). These proteins act in con-
cert, after passage of the replication fork, to correct base
pair mismatches and small insertion–deletion mutations.
The complete mismatch repair pathway has been reconsti-
tuted in vitro (24) and the sequence of events in the mismatch
repair process has been well described using this in vitro
system [for reviews see (4,7,25)]. Nonetheless, mechanistic
issues, particularly those surrounding the role of ATP
binding/hydrolysis and the role of various protein–protein
interactions, remain unresolved.
A current model of MMR in E.coli (4,7,25–27) in posits a
set of carefully orchestrated steps (Figure 1). Mismatch
recognition is accomplished by MutS, which recognizes and
binds to the base pair mismatch (23,28) in a process that
requires ATP. The bacterial MutS protein has been crystal-
lized in a complex with a mismatch (28) and shown to inter-
act asymmetrically with the DNA. One subunit in the
homodimer interacts with the mismatch [or looped out
base(s)] while the other interacts non-speciﬁcally with the
DNA. This is followed by the binding of MutL to the
MutS–DNA complex to form a ternary complex containing
both proteins and DNA (29–31). Both MutL and MutS are
functional as homodimers [heterodimers in eukaryotic cells
(8)] and both proteins are capable of binding and hydrolyzing
ATP (26,27,32,33). The rate of ATP hydrolysis catalyzed by
MutS is faster than that of MutL and the molecular role of
ATP binding and hydrolysis by these two proteins is under
investigation. The MutS–MutL complex then communicates
with MutH bound at a transiently hemi-methylated
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still a matter of debate. There are currently three models
for which there is some experimental support. In one model
the MutS–MutL complex is proposed to loop out the DNA,
actively searching for the nearest d(GATC) methylation site
either 50 or 30 of the mismatch (18,34). In the second model
MutS binds the mismatch in an ADP bound state which pro-
vokes an ADP–ATP exchange. This produces a conforma-
tional change that induces MutS to act as a sliding clamp
capable of leaving the mismatch by diffusion. This process
occurs iteratively and the MutS–MutL complexes interact
with and activate the MutH endonuclease (35). The third
model proposes that MutS remains bound at or near the mis-
match with communication with MutH bound at the hemi-
methylated site involving DNA bending (36). While details
regarding the nature of this communication are still unre-
solved, it is clear that once the nearest hemi-methylated
d(GATC) site is found, the MutS–MutL complex activates
the latent endonuclease activity associated with MutH to
generate a nick in the DNA on the unmethylated (nascent)
DNA strand (19,21). This provides discrimination of the par-
ental strand from the daughter strand and directs the sub-
sequent repair event to the nascent DNA strand. Activation
of the latent endonuclease activity of MutH is presumably
accomplished by MutL, since MutL has been shown to be
capable of stimulating this reaction in the absence of MutS
(37). Once the nascent DNA strand has been nicked, DNA
helicase II (UvrD) unwinds the DNA beginning at the nick
and moving toward the mismatch (38) and one of several
ssDNA exonucleases (ExoI, ExoVII, ExoX and RecJ), with
an appropriate polarity, degrades the nascent DNA strand as
it is being unwound (16,38). Resection of the damaged DNA
continues to a point that is, on average, about 100 bp past the
mismatch (18) and ssDNA binding protein binds and stabil-
izes the ssDNA template until DNA polymerase III is
recruited to ﬁll the gap. The resulting nick is sealed by
DNA ligase, completing the repair process and restoring the
integrity of the DNA (24).
Figure 1. Schematic model of MMR in E.coli. The base–base mismatch is recognized by the MutS homodimer and a ternary complex containing DNA, MutL
and MutS is formed in a reaction requiring ATP. This complex communicates with the nearest hemi-methylated d(GATC) sequence in some manner that is not
yet fully understood and stimulates nicking on the unmethylated (nascent) DNA strand by MutH to provide strand discrimination. The nearest hemi-methylated
d(GATC) site may be located on either side of the mismatch providing MMR with bidirectional capability. UvrD is loaded by MutL and unwinds the duplex
DNA beginning at the nick and extending toward the mismatch. The damaged DNA strand is degraded by one of several ssDNA exonucleases involved in
mismatch repair depending on the polarity of the required strand resection. The ssDNA gap is stabilized by the binding of ssDNA binding protein and the gap is
filled by DNA polymerase III. The resulting nick is sealed by DNA ligase to restore the integrity of the DNA stand and the d(GATC) is fully methylated by Dam
methylase.
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the site of MutH-directed incision provides MMR with a
bidirectional capability since this site could be located on
either the 50 side or the 30 side of the mismatch (17,18). How-
ever, UvrD unwinds DNA with a speciﬁc 30 to 50 polarity
(39,40). Therefore, UvrD must be loaded on the appropriate
DNA strand in order to unwind toward the mismatch. It is
also important to note that the d(GATC) site nearest the
base pair mismatch may be 1–2 kb away from the mismatch
(21,41) although, repair efﬁciency decreases as a function of
increasing distance between the d(GATC) initiation site and
the mismatch. This fact has important consequences for
understanding the unwinding event catalyzed by the modestly
processive UvrD helicase. The signal indicating sufﬁcient
DNA has been unwound/degraded to complete the repair
process is not known.
The role of MutL protein, characterized as the master regu-
lator of mismatch repair, remains to be completely deﬁned on
a mechanistic level. The protein was originally puriﬁed, using
a biochemical complementation assay, as an essential com-
ponent for partially reconstituted mismatch repair in cell
extracts lacking MutL (31). Subsequent experiments demon-
strated its interaction with MutS at a mismatch (30,31,42),
and the solved crystal structure of the N-terminal domain of
MutL (43,44) demonstrated an ATP binding/hydrolysis fold
common to the GHKL group (gyrase/Hsp90/histidine-kinase/
MutL) of ATP hydrolyzing enzymes (45). Puriﬁed MutL
catalyzes a very slow ATP hydrolysis reaction that is stimu-
lated by the presence of ssDNA and is essential for MMR
(43,44,46). In addition, MutL has been shown to interact
with MutH and activate the hemi-methylated d(GATC)-
directed nicking reaction catalyzed by MutH (19,37), as
well as stimulating unwinding catalyzed by UvrD
(38,47,48). Thus, MutL is capable of interacting with and
modulating the activity of many of the key protein players
in mismatch repair.
The stimulation of MutL-catalyzed ATP hydrolysis by the
addition of DNA has prompted an investigation of the DNA
binding properties of MutL. Several groups have demon-
strated that MutL binds to both ssDNA and double-stranded
DNA (dsDNA) (30,48–51), while others report that MutL
does not bind DNA (52) or suggest that binding to DNA
may be irrelevant to its function (35). Of particular interest
is the fact that MutL speciﬁcally stimulates the duplex
DNA unwinding reaction catalyzed by UvrD (38,47,48).
The unwinding activity of Rep protein (37% identical to
UvrD) is also enhanced by MutL, but to a signiﬁcantly
lower extent (47). In addition, on a nicked, circular heterodu-
plex DNA substrate, MutL and MutS together activated
UvrD-catalyzed unwinding while there was no detectable
enhancement of unwinding by Rep helicase (38). Since the
stimulation of unwinding by MutL is speciﬁc to UvrD it is
likely that the mechanism of stimulation by MutL is through
a direct protein–protein interaction. Moreover, the interaction
between MutL and UvrD is likely to be critical for the repair
process.
UvrD exhibits modest processivity as a DNA helicase
(40–50 bp) (53–55) making this protein an interesting choice
for the helicase responsible for the unwinding event in MMR.
UvrD is also the helicase responsible for the unwinding event
associated with excision repair (56–59), which requires
unwinding of a short 12–13 base long oligonucleotide well
within the limits of the processivity of UvrD. MMR, on the
other hand, can require the unwinding of up to 1–2 kb of
DNA, which is substantially in excess of the reported
processivity of UvrD. In some manner, not fully understood,
MutL is able to modulate the unwinding reaction catalyzed
by UvrD to allow the unwinding of long duplex regions in
the context of MMR.
Little is known about the mechanism by which the UvrD-
catalyzed unwinding reaction is enhanced by MutL. This
issue has received some attention recently (26,48,51) and
some important details of the reaction have been described.
For example, on a nicked, circular molecule containing a
mismatch, MutS, MutL and UvrD initiate unwinding at the
nick site and begin helix opening in the direction toward
the mismatch. This reaction requires all three protein com-
ponents and the presence of a mismatch (38). Moreover,
while MutL dramatically stimulates the unwinding reaction
catalyzed by UvrD, MutL does not increase its rate of ATP
hydrolysis (60). Thus, UvrD becomes a more efﬁcient
helicase in the presence of MutL unwinding more base
pairs of DNA per ATP hydrolysis event than in the absence
of MutL. Experiments with model substrates support a mech-
anism in which MutL directs the productive loading of UvrD
onto a DNA substrate. We have proposed that the loading of
UvrD is an iterative process such that multiple molecules of
UvrD accumulate on the substrate to increase the rate of pro-
gressive unwinding and to facilitate the unwinding of long
duplex regions using a helicase with modest processivity.
This model suggests that (i) an interaction between MutL
and UvrD is required for MMR, (ii) the ATP binding/
hydrolysis activity of MutL, which is known to be essential
for MMR (46), is likely to play some role in modulating
the interaction between MutL and UvrD and (iii) DNA bind-
ing by MutL is essential for stimulation of UvrD-catalyzed
unwinding and, therefore, MMR. Each of these questions
will be addressed, in turn, in the following discussion of
the modulation of the activity of UvrD by MutL.
MutL interacts with UvrD
An interaction between MutL and UvrD was demonstra-
ted several years ago using the yeast two-hybrid system
and conﬁrmed in biochemical studies (37). The yeast two-
hybrid analysis revealed a direct interaction between UvrD
and MutL, and deletion analysis indicated that critical resi-
dues for the interaction with UvrD were located between
amino acids 397 and 438 and after amino acid 559 of the
615 amino acid MutL protein. It was not possible to localize
the region on UvrD responsible for binding to MutL using
this approach since removal of either the N- or C-terminal
ends of UvrD eliminated the two-hybrid interaction. The
MutL interaction surface on UvrD remains to be deﬁned.
The recent solution of the structure for the C-terminal
domain of MutL (29) has allowed a prediction of the interac-
tion site between UvrD and MutL. Based on the two-hybrid
results reported by Hall et al. (60) and the folding of
C-terminal domain of MutL, it is likely that UvrD interacts
with a region on MutL involving a portion of the disordered
linker between the N- and C-terminal domains of MutL that
lies nearest the C-terminal domain and the MutL C-terminus.
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domain of MutL, which does not include the disordered
linker region, fails to stimulate the unwinding reaction cata-
lyzed by UvrD (29). However, the N-terminal domain has
been suggested to interact with UvrD-based on crosslinking
studies (29). The amount of crosslinked protein observed in
this study was extremely low and may not reﬂect a signiﬁcant
interaction. We have shown that deletion of the last 20 amino
acids of MutL signiﬁcantly reduces the MutL–UvrD interac-
tion in both physical and functional assays (S.R. Pattishall
and S.W. Matson, unpublished data). However, an alternate
interpretation of the structural data for the C-terminal domain
(61) suggests that the C-terminal end is directly involved in
dimer formation and that a truncation lacking the C-terminal
20 amino acids should be a monomer instead of a dimer. Our
recent experiments with this truncation mutant indicate that
the protein is, in fact, a dimer as originally suggested (29).
This conclusion was arrived at using gel exclusion chromato-
graphy at an ionic strength that is nearly physiological
(200 mM) and analytical ultracentrifugation. We suggest
that UvrD is likely to directly interact with the linker
region and the C-terminal end of MutL. These two regions
are located near one another in the 3D model of MutL (29).
Importantly, the MutLDC20 deletion mutant maintains  60%
of the ATPase activity associated with MutL, binds DNA,
interacts with MutS and stimulates MutH-directed nicking
in a reaction that is dependent on both MutS and the presence
of a mismatch base pair (S.R. Pattishall and S.W. Matson,
unpublished data). Thus, the protein is properly folded and
capable of making all the required protein–protein interac-
tions necessary for mismatch repair. However, MutLDC20
fails to stimulate UvrD in helicase activity assays and does
not complement a mutL deletion in genetic complementation
studies. Thus, the C-terminus of MutL is essential for MMR
in vivo as recently reported (61) and the interaction between
MutL and UvrD is essential for loading UvrD onto the repair
substrate and is essential for full functionality of the MMR
pathway.
MutL stimulates DNA unwinding by UvrD
We and others have shown that MutL dramatically stimulates
the unwinding activity of UvrD (38,47,48). Previously, we
proposed that MutL loads UvrD productively onto the DNA
for unwinding but does not clamp UvrD on the DNA during
the unwinding reaction (48). These experiments, performed
using model DNA substrates and in the absence of other mis-
match repair proteins, also suggested that loading of UvrD by
MutL was likely to be an iterative process. The unwinding
reaction catalyzed by UvrD demonstrates a limited processiv-
ity of 40–50 bp (54) yet DNA repair tracts can be up to 1 kb
in length. However, the processivity of UvrD as a translocase
is signiﬁcantly higher (2400 ± 600 nt) (62). Thus, the iterative
loading of UvrD by MutL may address the issue of how to
produce long repair tracts using a helicase with limited
processivity.
The ﬁrst indication that MutL acted to load UvrD
onto DNA came from DNA binding studies showing that
the addition of MutL increased the afﬁnity of UvrD for
DNA. Electrophoretic gel mobility shift experiments revealed
that UvrD, in the presence of AMP-PNP, formed a weak
complex with ssDNA that dissociated during the course of
electrophoresis and was difﬁcult to detect. In the presence
of MutL, a supershifted MutL–UvrD–ssDNA complex was
formed that was more stable than the UvrD–ssDNA complex
indicating that MutL + UvrD formed a speciﬁc complex with
a greater afﬁnity for ssDNA than UvrD alone (48).
Based on these results two possibilities were considered;
(i) MutL increased the rate of UvrD association with the
DNA or (ii) MutL decreased rate of dissociation of UvrD
from ssDNA. An increased rate of association of UvrD
with ssDNA would be reﬂected as increased loading of
UvrD onto model helicase substrates. In single turn-over
experiments with a 20 bp partial duplex substrate, preincuba-
tion of UvrD and MutL with the DNA resulted in a stimula-
tion of the amount of product produced reﬂecting an increase
in the amount of productively loaded UvrD. The concen-
tration at which MutL was half saturating for the burst phase
amplitude of UvrD-catalyzed DNA unwinding (40.2 ±
9.7 nM) was similar to the KD of MutL for binding partial
duplex DNA (24.3 ± 0.7 nM). This result was interpreted to
indicate that binding of MutL to DNA was important for its
role in stimulating the unwinding reaction catalyzed by
UvrD and that MutL was stimulating the loading of UvrD
onto the DNA substrate.
If MutL decreased the UvrD dissociation rate one could
envision MutL functioning as a clamp, keeping UvrD
tethered to ssDNA and effectively increasing its processivity.
Results from two experiments have suggested this is not the
case. First, unwinding assays with a 148 bp blunt duplex
substrate, well in excess of the measured processivity of
UvrD, failed to detect increased unwinding in the presence
of MutL after the addition of a ssDNA trap. Second, single
turn-over assays with a 92 bp partial duplex DNA compared
with a 20 bp partial duplex DNA also indicated that
MutL was not acting to alter the processivity of UvrD.
Under identical conditions, a smaller fraction of 92 bp partial
duplex molecules were unwound in comparison to 20 bp
molecules. If MutL were acting to increase the processivity
of UvrD then the same fraction of substrate should
have been unwound in each case. Moreover, the degree of
stimulation was similar on both substrates suggesting that
stimulation was independent of substrate length and, there-
fore, likely a loading phenomenon.
Increased loading of UvrD by MutL was also investigated
using long DNA substrates to model the lengths of DNA
substrates likely to be encountered in vivo. Data from mul-
tiple turn-over helicase reactions with a 750 bp blunt duplex
substrate and an 851 bp partial duplex substrate support the
notion that MutL loads UvrD onto DNA, and further suggest
that loading by MutL is likely to be an iterative process.
Unwinding of the two long substrates was generally described
by a burst phase followed by a steady-state phase. The burst
phase for these reactions reﬂects unwinding by those UvrD
molecules that were pre-loaded onto the DNA substrate.
Comparison of the unwinding kinetics exhibited by UvrD
on the 750 bp blunt duplex DNA in the presence or absence
of MutL clearly showed that in the absence of MutL there
was no burst phase. This reﬂects an inability of UvrD alone
to efﬁciently pre-load on blunt duplex substrates as shown
previously (54). In the experiments using the 750 bp blunt
duplex and 851 bp partial duplex substrates the increased
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the entire course of the unwinding reaction. Considering the
reported processivity for UvrD (40–50 bp), completion of
unwinding of these longer substrates and detection of the sig-
niﬁcant burst phase in the unwinding assay with the 750 bp
blunt duplex DNA requires multiple binding events by UvrD.
Based on these results a model was proposed to explain the
stimulation of UvrD-catalyzed DNA unwinding by MutL
(Figure 2). The ﬁrst step is the loading of UvrD onto the
DNA. In the presence of MutL this is enhanced due to an
increased afﬁnity of the UvrD–MutL complex for DNA.
After it is loaded UvrD begins to unwind the duplex. In the
presence of MutL additional molecules of UvrD are loaded
behind the leading molecule of UvrD and the high concentra-
tion of UvrD may increase the overall rate of UvrD-catalyzed
unwinding. Eventually, the leading molecule of UvrD
will dissociate from the duplex since UvrD translocates
through duplex DNA an average of ten steps (40–50 bp)
before dissociating (54). In the case of UvrD alone, when
the leading molecule dissociates the partially unwound
duplex can reanneal and the whole process must start over.
On the other hand, in the presence of MutL multiple UvrD
molecules have been loaded onto the duplex and the DNA
does not reanneal; the additional UvrD molecules translocate
along the ssDNA template and continue unwinding. This is
consistent with the observation that UvrD is considerably
more processive as a translocase moving along ssDNA (62)
than as a DNA helicase.
As noted above, MutL-catalyzed ATP hydrolysis is
required for MMR (46,51). However, the rate of MutL-
catalyzed ATP hydrolysis is slow and it seems unlikely this
fuels active translocation along the DNA lattice suggesting
that ATP hydrolysis may play another role (30,35). Perhaps
stimulation of the UvrD-catalyzed unwinding reaction
requires the hydrolysis of ATP by MutL. If this were the
case, then the MutL-catalyzed ATP hydrolysis requirement
in MMR might be explained by the requirement for ATP
hydrolysis in loading UvrD to begin resection of the
damaged DNA strand. Such a requirement would be consist-
ent with the previous characterization of MutL as a molecular
matchmaker (63).
Using a MutL point mutant, MutL-E29A, that binds
but does not hydrolyze ATP, Robertson et al. (64) have
demonstrated that MutL-catalyzed ATP hydrolysis is not
required for MutL-dependent stimulation of the UvrD
unwinding reaction. In fact, the unwinding reaction catalyzed
by UvrD on both a partial duplex substrate and a blunt end
duplex substrate was signiﬁcantly more efﬁcient in the
presence of MutL-E29A; maximal stimulation of the unwind-
ing reaction occurred at much lower concentrations of MutL-
E29A than observed with the wild-type protein. This was not
the result of higher afﬁnity binding of MutL-E29A to the
DNA substrate since binding to both a partial duplex ligand
and a ssDNA ligand by MutL-E29A was similar to that of
the wild-type protein. Importantly, it is the ATP-bound
form of MutL that is speciﬁcally responsible for stimulating
UvrD (64). A second MutL point mutant, MutL-D58A,
which does not bind ATP does not stimulate the unwinding
reaction catalyzed by UvrD. Thus, the ATP-bound form of
MutL stimulates UvrD-catalyzed unwinding while the ATP
free form of MutL does not stimulate UvrD-catalyzed
unwinding.
Ban and Yang (44) have shown that binding of ATP causes
the N-terminal domain of MutL to dimerize and perhaps this
causes the protein to clamp onto the DNA substrate. In the
context of MMR this would occur at the nick generated by
MutH (Figure 3). This may provide a loading platform for
UvrD from which helicase molecules could be continuously
loaded onto the DNA substrate as long as MutL remained
clamped on the DNA. In the absence of ATP hydrolysis
(i.e. with MutL-E29A) MutL remains bound and loads
multiple molecules of UvrD resulting in a very dramatic
stimulation of UvrD-catalyzed unwinding at low concentra-
tions of MutL. If this is the case then MutL-catalyzed ATP
hydrolysis acts to regulate the loading of UvrD onto the
MMR intermediate.
This result has important implications for our understand-
ing of the process of MMR. First, it serves to further reﬁne
our understanding of the role of ATP binding and hydrolysis
catalyzed by MutL in MMR. It has been established
Figure 2. Model for the mechanism of MutL-stimulated unwinding catalyzed
by UvrD. A model for unwinding by UvrD (A) or UvrD + MutL (B)o na
nicked DNA substrate is shown. Details for the model are discussed in the
text. Step 1 is preloading; step 2 is with one molecule of UvrD loaded; step 3
is unwinding and step 4 is after dissociation of a molecule of UvrD. This
figure is reproduced from (48).
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required for interaction with MutS (42) and it has been
demonstrated that the ATP-bound form of MutL stimulates
the latent endonuclease reaction associated with MutH (37).
Thus, MutL-catalyzed ATP hydrolysis is required after strand
incision and the beginning stage of strand resection. Second,
these results suggest the possibility that MutL-catalyzed ATP
hydrolysis regulates the amount of UvrD loaded onto the
DNA substrate. In the absence of MutL-catalyzed ATP
hydrolysis the unwinding step (catalyzed by UvrD) may be
uncoupled from the rescission step (catalyzed by an exonuc-
lease) such that the exonuclease responsible for removing the
unwound damage-containing nascent strand is unable to keep
up with the advancing helicase. If this were the case then
repair events might not be properly completed due to this
uncoupling and there would be an increase in mutation
rate as was observed when mutL-E29A was substituted for
mutL (51,64).
The biological advantage of using MutL as an auxiliary
factor that increases the initiation rate and progressive
unwinding rate by UvrD in mismatch repair is clear. The
mismatch repair pathway requires, in some instances, the
unwinding of long tracts of DNA (22). In the absence of
MutL the low processivity of UvrD seems inconsistent with
the long repair patch lengths in light of the observed
efﬁciency of mismatch repair. Therefore, the iterative loading
of UvrD by MutL would increase both the rate and the efﬁci-
ency of the reaction, and enable UvrD to unwind the long
tracts required in this pathway despite its relatively low
intrinsic processivity. In addition, it is known that UvrD
unwinds a nicked DNA molecule poorly presumably due to
poor binding of this substrate (65,66). The use of MutL as
a speciﬁc loading factor at the nick created by MutH
overcomes this limitation and ensures the loading of UvrD
on the biological substrate.
Loading of UvrD by MutL would also explain the ability of
UvrD to unwind toward the mismatch. The mismatch repair
reaction has bidirectional capability since the hemi-
methylated d(GATC) site may be located on either side of
the mismatch [see Figure 1; (17,18)]. However, UvrD
unwinds duplex DNA with a speciﬁc polarity (39,53,62,67).
Therefore, in order for UvrD to unwind toward the mismatch
it must be loaded onto the appropriate strand to unwind with
its known polarity. If MutL functions to load UvrD on the
DNA, this provides a mechanism to load UvrD exclusively
on the appropriate strand. This would prevent UvrD from
unwinding non-speciﬁcally in both directions as was
observed for UvrD-catalyzed unwinding on nicked substrates
in the absence of mismatch repair proteins (65,66).
MutL-mediated loading of UvrD requires DNA binding
by MutL
The model for MutL-stimulated unwinding of DNA by UvrD
presented above predicts that the DNA binding activity of
MutL is essential. The role of DNA binding by MutL in
the process of mismatch repair has been debated in the liter-
ature for the last 14 years. While there is considerable evid-
ence suggesting that MutL binds DNA (44,48,50), there is
also evidence to the contrary (52), and recent experiments
have suggested that DNA binding may be an artifact of in
vitro experiments (35). Here we summarize new data
obtained using biochemical and genetic assays to characterize
a MutL point mutant (MutL-R266E) in an effort to evaluate
the biological importance of DNA binding by MutL. Taken
together, the in vivo and in vitro results strongly suggest
that MutL must bind DNA as part of the MMR process (49).
MutL-R266E has been described as having reduced DNA
binding afﬁnity (42,44). The crystal structure of dimeric
MutL (43) positions arginine 266 facing inward and a previ-
ous report (29) has suggested that it could interact with the
negatively-charged backbone of DNA. Thus, arginine 266
may be a primary amino acid involved in recognizing the
DNA through electrostatic interactions. Puriﬁed MutL-
R266E retains the biochemical properties of wild-type
MutL that do not involve DNA binding. These properties
include: (i) basal ATP hydrolysis, (ii) an ability to interact
with MutH, MutS, and UvrD and (iii) the ability to dimerize.
These results demonstrate that the mutant protein retains both
Figure 3. A model depicting the loading of UvrD by MutL in MMR. A
mismatch in the DNA is shown. The nick is introduced by MutH on the
unmethylated DNA strand at a hemi-methylated d(GATC) site. A dimer of
MutL, in the ATP-bound form, is shown loading UvrD onto the nicked DNA.
The UvrD loading event ensures that the helicase is loaded onto the correct
strand to translocate in the 30 to 50 direction toward the mismatch. The ATP-
bound form of MutL is active in loading UvrD. ATP hydrolysis by MutL is
not required to actively load UvrD. MutL loads multiple molecules of UvrD
to ensure the unwinding of repair tracks that may be in excess of 1 kb in
length. We hypothesize that ATP hydrolysis by MutL releases the protein
from the DNA and stops the loading of UvrD.
4094 Nucleic Acids Research, 2006, Vol. 34, No. 15its tertiary structure and its dimeric form. In addition, MutL-
R266E is able to catalyze the hydrolysis of ATP. However,
the properties dependent upon DNA binding are severely
compromised in this mutant (49). The basal ATPase activity
exhibited by the mutant protein was not stimulated by the
addition of ssDNA, whereas the basal ATPase of wild-type
MutL was signiﬁcantly stimulated by the addition of
ssDNA. The mutant protein was also signiﬁcantly reduced
in its ability to stimulate the unwinding reaction catalyzed
by UvrD, although at high concentrations, it was able to
stimulate UvrD on a partial duplex DNA substrate. With
these characteristics in mind, it is not unexpected that the
MutL-R266E exhibits a strong mutator phenotype. We con-
clude, based on both genetic and biochemical data, that
DNA binding by MutL is critical for MMR consistent with
the model for MutL-stimulated unwinding catalyzed by
UvrD proposed above.
We note there is signiﬁcant support for this conclusion in
studies involving MMR in eukaryotes. In yeast, it has been
demonstrated that MutL homologues must bind DNA in
order for MMR to occur (68). Point mutations in the yeast
homologues (PMS1-K328E and MLH1-R273E, R274E),
similar to the point mutation analyzed here, increase the
mutation frequencies and rates in vivo.
SUMMARY AND PERSPECTIVE
A model for the role of MutL in E.coli mismatch repair,
based on the data reviewed above, can be summarized as
follows. In the ﬁrst step, a mismatch generated during replica-
tion is recognized by the MutS dimer and a MutS–MutL
interaction mediates communication with MutH bound at
the nearest hemi-methylated d(GATC) site. Precisely how
MutL facilitates the communication between the mismatched
base pair and MutH bound at the hemi-methylated d(GATC)
site is still uncertain. After nicking on the nascent strand by
MutH, UvrD is loaded by MutL and initiates unwinding at
the nick toward the mismatch. The mismatch repair system
displays bidirectional capability and correction of a
mismatched base can be directed by a hemi-methylated
d(GATC) sequence on either the 50 or 30 side of the error
(17,18). However, UvrD unwinds exclusively in a 30 to 50
direction with respect to the bound DNA strand (39,40).
Therefore, the capacity for bidirectional unwinding from a
nick necessitates the ability of UvrD to load onto either one
of the DNA strands. We and others (29,38,48) have suggested
that one role for the interaction between MutL and UvrD is to
orient the helicase, by loading it onto the appropriate DNA
strand at the nicked d(GATC) site, so that it unwinds in the
proper direction for mismatch excision. This would explain
the in vitro observations of Modrich and colleagues (18,38)
that UvrD preferentially unwinds toward the error in the con-
text of the mismatch repair system and is consistent with the
fact that MutL directly interacts with UvrD. Studies using
model DNA substrates indicate that the ATP-bound form of
MutL stimulates UvrD-catalyzed unwinding presumably by
loading UvrD onto the DNA substrate. We hypothesize that
MutL remains bound to the DNA, continuously loading
molecules of UvrD, until one or both of the bound ATP
molecules are hydrolyzed to ADP and Pi. After an ATP
hydrolysis fueled conformational change, MutL is released
from the DNA and stops loading UvrD. If this is the case,
then one role of the MutL ATPase is to act as a molecular
switch to facilitate initiation of the excision event which
involves activating the MutH endonuclease and loading
UvrD onto the DNA. The processivity of UvrD-catalyzed
unwinding of duplex DNA has been estimated at 40–50 bp
in one study (54) and  250 bp in another study (55). How-
ever, repair tracts in vivo can be up to 1 kb in length
(21,41), and we have demonstrated signiﬁcant unwinding of
duplex DNA substrates in excess of 850 bp in the presence
of MutL. In a recent study by Fischer et al. (62) the
processivity of UvrD was determined to be 2400 + 600
bases as the protein translocates along ssDNA. We suggest
that the multiple UvrD molecules loaded onto the DNA by
MutL are able to unwind 1–2 kb of duplex DNA in the
following way: as one molecule of UvrD dissociates from
the DNA (due to its intrinsic processivity as a helicase), a
second molecule of UvrD takes its place, and so on, allowing
unwinding to continue uninterrupted. This helps to ensure
that, no matter what the distance between the initiating nick
and the mismatch, adequate DNA is unwound by UvrD to
complete repair of the mismatch.
Given its multiple roles in MMR, MutL is likely to be the
master coordinator in the mismatch repair reaction. The inter-
action of MutL with the three mismatch repair proteins MutS,
MutH and UvrD and with DNA is critical for the proper 3D
arrangement of these proteins, as well as for the appropriate
sequentialtimingforeacheventintherepairreaction.Precisely
howMutLaccomplishesallofthesegoalsremainstobeelucid-
ated. However, the results reviewed here begin to explain the
mechanism by which MutL stimulates UvrD-catalyzed DNA
unwinding, demonstrate the importance of MutL binding to
DNA andindicatethatATPhydrolysisbyMutLisnotrequired
for the loading of UvrD. In addition, they serve to better posi-
tion the siteof MutL-catalyzedATP hydrolysis within the mis-
matchrepairpathway.ItisnowclearthatMutL-catalyzedATP
hydrolysis is required after strand excision has begun. It is
becoming more important to identify those regions of MutL
responsible for the interaction with the other components of
the mismatch repair pathway to understand how MutL func-
tions in all of its roles.
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